Aeromonads are aquatic bacteria found in drinking water supplies worldwide. Some species, such as Aeromonas hydrophila, can cause disease in humans. For this survey, 293 United States public water systems were selected using random sampling, stratified by water source and system type. Water samples were collected during one year from three sites (six samples per site) in each system. Temperature, pH, turbidity, total and free chlorine were measured using standard methods.
INTRODUCTION
The genus Aeromonas, belonging to the family Aeromonadaceae, includes Gram-negative, non-spore-forming, rod-shaped, facultatively anaerobic bacteria. Several Aeromonas species, collectively known as aeromonads, occur ubiquitously and autochthonously in aquatic environments worldwide. They have long been recognized as fish and rep- The 1996 Safe Drinking Water Act Amendments direct the United States Environmental Protection Agency (EPA) to publish a list of unregulated contaminants (known as the Contaminant Candidate List or CCL) that may require a drinking water regulation after further evaluation.
Aeromonas was included in the first and second editions of this list because of its association with human disease, occurrence in drinking water supplies and ability to grow 
METHODS

Sampling design
PWSs for this survey were selected using stratified random nation-wide sampling as previously reported (USEPA a). Briefly, sampling strata were defined using a combi- Three sampling sites were identified in each PWS: the midpoint of the distribution system (MD), the maximum water residence time site (MR), and the lowest disinfectant residual site (LD). Water samples were collected during a 12-month period, monthly during the third quarter and quarterly during the rest of the year, for a total of six samples from each site. Sample volume for analysis of Aeromonas was 500 mL. Concurrent water samples were examined for temperature, pH, turbidity, free residual chlorine and total residual chlorine using standard monitoring methods. 
Aeromonas detection and speciation
Water samples were analyzed for aeromonads by EPAapproved laboratories using the EPA Method 1605 (USEPA a). Briefly, water samples were filtered using 0.45 μL pore membrane filters and incubated at 35 W C on Ampicillin-Dextrin Agar with Vancomycin (ADA-V) medium for 24 ± 2 h. Presumptive Aeromonas colonies were identified based on the yellow color and characteristic morphology, and counted. Up to ten presumptive Aeromonas colonies per sample were subjected to confirmation testing using sequential oxidase, trehalose fermentation, and indole production tests (USEPA a). Only presumptive isolates that were positive for all three confirmation tests were identified as Aeromonas.
Plates were reported as too numerous to count (TNTC) when too many aeromonads were present or when the plate was overgrown with other organisms.
Samples resulting in TNTC plates were excluded from further analyses. Replacement water samples were collected as soon as possible (typically, within a month).
The exceptions occurred during the summer months when replacement samples were not collected because regularly scheduled samples were collected monthly.
Samples collected from the same site following a TNTC sample were split into aliquots of 1, 10 and 100 mL volume. Each aliquot was filtered and analyzed separately. The concentration of Aeromonas was determined using the filter with the optimum number of presumptively positive colonies.
Aeromonas species were identified employing the phenotypic classification scheme developed by Abbott et al. A total of 411 colonies that were previously confirmed as aeromonads using the EPA method 1605 from 100 (76.9%) positive samples were further tested to determine the Aeromonas species using API 20E bioMerieux strips (Table 2) . All 100 positive samples tested contained at least one colony where species was successfully determined.
A. salmonicida and A. hydrophila were the most common species. Almost half of all isolates belonged to potentially (Table 3) . Most (85.4%) samples with no detectable total chlorine were collected from groundwater systems. Aeromonads were detected in 12.2% of these samples, a markedly higher rate of detection than in samples containing free chlorine
(1.8%) or containing mostly chloramine (3.6%).
The rates of Aeromonas isolation were just slightly higher during the third quarter (July-September 'summer season') than during the remaining three calendar quarters (Table 4 ). The average Aeromonas concentrations, however, were much higher during the summer season. Further analysis (not shown) demonstrated that similar summer seasonal peaks of Aeromonas concentration were present in subsets of PWSs located in the northern and southern halves of the country as well as those using surface water and groundwater sources.
Descriptive analysis of Aeromonas data at the PWS level
Aeromonads were detected in 42 (14%) PWSs (Table 1 and out of 130 (65%) Aeromonas-positive samples in this study.
These ten systems represented different geographic regions and system size categories ( At the univariate analysis step, the Aeromonas data were dichotomized at the limit of detection (0.2 CFU/100 mL) or at 10 CFU/100 mL (Table 6 ). Continuous predictor variables were categorized at quartiles of their distributions except turbidity which was categorized at 33rd, 67th and 80th percentiles (the latter corresponded to the regulatory threshold value of 0.5 NTU). The system size (dichotomized at 10,000 people served using the standard EPA classification) was not a significant predictor of Aeromonas isolation. The effects of finer system size categories were also not significant: the odds ratio of Aeromonas detection in samples from the smallest systems (25 to 500 people) vs. largest systems (more than 50,000 people) was 2.6 (0.6, 10.0), p ¼ 0.2 (not shown in Table 6 ). Aeromonas was significantly more likely to be detected in samples collected from sampling sites with the lowest chlorine residual than from system mid-points. The odds of Aeromonas detection in samples with turbidity greater than 0.5 NTU were not significantly greater than in samples with turbidity below 0.1 NTU. However, when turbidity data were dichotomized at the 0.5 NTU, the effects of turbidity above vs. below this cut-off value became significant: odds ratios 3.17 (1.72, 5.83) for Aeromonas detection and 5.29 (2.04, 13.7) for Aeromonas concentration above 10 CFU/100 mL (not shown in Table 6 ). Low concentrations of free chlorine or total chlorine were strongly associated with Aeromonas isolation. The summer season (third calendar quarter) was a significant predictor of Aeromonas detection and, especially, concentration above 10 CFU/100 mL while water temperature was not a significant predictor.
Further multivariate analysis using generalized additive models with spline smoothing functions for continuous predictor variables confirmed that system size (large or small), type of water source and other system-level characteristics were not significant predictors of Aeromonas after adjusting for chlorine and turbidity. The summer season remained a significant or nearly significant predictor in all models while high water temperature had no effect after control for the season. Interaction effects of chlorine and temperature, the effects of pH and interaction of free chlorine and pH were not significant in all models. There was a
non-linear association between turbidity and the odds of
Aeromonas detection with a step increase at approximately 0.5 NTU, which was parsimoniously modeled using a binary variable. (Table 7) . The effect of total chlorine in systems maintaining free chlorine or chloramine was adequately modeled using a linear association and a common slope in the interval from 0 to 0.25 mg/L total chlorine. Above this value, the effect of total chlorine was present only in PWSs maintaining free chlorine (it was modeled using an interaction term between square root of chlorine and an indicator variable for the system type).
The final model also included binary variables for summer season and turbidity above 0.5 NTU. Figure 4 shows graphs of predicted odds ratios of Aeromonas detection with zero total chlorine serving as a reference point (the The odds ratio estimates for binary predictors and selected contrasts in total chlorine values are presented in Table 8 . Fixed effect intercept (at 0.25 mg/L of total chlorine) À7.1 (À8.2, À5.9) À7.2 (À8.8, À5.5) À7.1 (À8.8, À5.5) À9.7 (À12, À7.4)
Season (3rd quarter vs. 1st, 2nd and 4th quarters) 0.5 (À0.02, 0.9) 0.4 (À0.3, 1.0) 0.6 (À0.1, 1.3) 1.5 (0.5, 2.5) Turbidity (>0.5 NTU vs. less than 0.5 NTU)
1.2 (0.6, 1.8) 1.5 (0.6, 2.4) 0.9 (0.0, 1.7) 2.0 (0.9, 3.1)
Total chlorine up to 0.25 mg/L (all systems)
À8.8 (À13, À5.0) À6.6 (À12, À1.3) À12 (À18, À6.1) À8.3 (À15, À1.6) Square root of total chlorine above 0.25 mg/L (chlorinating systems only)
Regression analysis of predictors of Aeromonas occurrence at the PWS level
Univariate logistic regression analysis demonstrated that groundwater systems had significantly greater odds of having at least one Aeromonas-positive sample than surface water systems (Table 9 ). The effect of system size was short of being statistically significant. For this system-level analysis, continuous data on total and free chlorine were dichotomized at the 25th percentile (0.2 mg/L and 0.1 mg/L, respectively), and turbidity data were dichotomized at the 0.5 NTU cut-off value. In separate models, counts of samples with low free chlorine, low total chlorine or high turbidity were predictive of Aeromonas detection in a PWS. Aeromonas was detected in a significantly greater proportion of PWSs that did not maintain residual disinfectant than systems that maintained free chlorine residual. The effect of maintaining predominantly chloramine was short of being significant.
In multivariate logistic regression analysis of the system level data, all models were reduced to a single predictor variable, the count of samples with low total chlorine (or low free chlorine in separate models). Turbidity, system size and type of water source were not significant predictors of Aeromonas detection in a public water supply system after adjusting for the number of low chlorine samples.
DISCUSSION
In this study, drinking water samples from 293 distribution systems throughout the USA were tested for culturable Aeromonas bacteria using EPA method 1605. The method is based on the previously developed ADA method for Aero- First, in order to better characterize the occurrence of Aeromonas in water supplies during its known seasonal peak period, water samples were collected at a higher frequency Such isolates likely failed the indole production test and, therefore, were not counted as aeromonads.
The summer peak of Aeromonas found in this study is consistent with a majority of previous studies ( Information on the water treatment process was available only for a subset of PWSs participating in this study.
The data analysis demonstrated, however, that the type of chlorine residual present in the distribution system samples (free or combined) had a strong effect on Aeromonas occurrence. Therefore, PWSs were categorized for further analysis as 'maintaining free chlorine residual' or 'maintaining chloramine residual' using the available data of total and free chlorine concentrations in distribution system samples.
The results of this nation-wide survey demonstrated that exposures to aeromonads in drinking water supplies are widespread. However, aeromonads were not detected in most PWSs or were detected at very low concentrations.
The evaluation of public health impact of waterborne exposure to aeromonads was beyond the scope of this survey. A subsequent analysis (USEPA b) taking into account these monitoring results as well as the lack of reported waterborne outbreaks of Aeromonas and moderate severity of its health effects concluded that this pathogen does not present a substantial public health hazard and, therefore, should not be included in the third version of the Contaminant Candidate List (USEPA ).
CONCLUSIONS
The data from this investigation show that aeromonads are much more likely to be present in drinking water when a PWS does not maintain an adequate concentration of residual chlorine throughout the distribution system or delivers high turbidity water to its customers. Low residual chlorine and high turbidity may also indicate a potential growth of other harmful microorganisms in distribution system biofilms. Maintaining adequate water quality throughout the distribution system is, therefore, essential for reducing exposures to multiple potentially harmful microorganisms.
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